Introduction 20
Wheelchair rugby (WCR) was originally developed for individuals with tetraplegia 21 ). In individuals with a SCI, in addition to 31 the lack of voluntary control of their torso and upper limb dysfunction, they are also 32 thermoregulatory impaired [14] proportional to their lesion level [26] . Their 33 thermoregulatory impairment is due to a lack of central sudomotor and vasomotor 34 control below their lesion level [8, 17, 23] . For example, it has previously been 35
shown that athletes with tetraplegia exhibit greater thermal strain than athletes with 36 paraplegia (thoracic, lumbar, or sacral SCI) during intermittent wheelchair exercise 37 in ~20°C [13] . Hence, players with tetraplegia within the same classification group 38 as players with a non-spinal related physical impairment (NON-SCI) may be at a 39 thermoregulatory disadvantage during WCR match play. 40
Studies have shown IWRF classification to be closely related to the volume of 41 activity elicited over a typical WCR quarter [31, 32, 34] . For example, high point 42 players (2.0-3.5 points) are capable of greater peak speeds and spend less time within 43 starting speed and smaller speed increments were adopted for SCI players with 93 higher lesion levels (e.g. C5/6) and lower point players (e.g. 1 power and an α of 5%, based on findings from previous research [13] . 210
Results

211
Participant characteristics 212
The two groups were similar in terms of body mass (p = 0.63) and sum of skinfolds 213 Table 1 ). 215
Insert Table 1 here 216 (Table 2) . 224
Activity profiles 217
Insert Table 2 here 225
The two groups did not differ in the percentage of total quarter time spent in each 226 speed zone (p > 0.05). There was no difference across all 4 quarters in the 227 percentage of time spent in each speed zone, except SCI spent a significantly smaller 228 percentage of time in the high speed zone in the first quarter than NON-SCI (0.8 ± 229 0.4% vs. 1.8 ± 0.7%; p < 0.01).
Thermoregulatory measures 231
The absolute change in body mass was significantly greater in SCI than NON-SCI (p 232 
9). 246
The change in T sk was not different between groups or over time during the match 247 (Fig. 2 , ES = 0.2, p > 0.05, 95% CI = -0.6 to 0.9). In SCI, Fig. 2 shows T sk increased 248 at the end of quarter 2, whilst after an initial increase T sk started to decrease at the 249 end of quarter 2 in NON-SCI. Changes in forearm, upper arm, chest, back, thigh and 250 calf skin temperatures during the match were similar between groups (all p > 0.05), 251 yet a main effect of time was only revealed for the forearm, upper arm and back (all 252 p < 0.05). The convective and evaporative heat transfer coefficients were 253 significantly lower for SCI than NON-SCI (p = 0.03).
Insert Fig. 2 here 255
Heart rate and perceptual measures 256
Heart rate was significantly lower in SCI than NON-SCI (100 ± 20 bpm vs. 143 ± 27 257 bpm; p < 0.01), yet there was no main effect of group or time for RPE (p > 0.05) or 258 thermal sensation (p > 0.05). During the match, RPE increased from 13 to 16 and 12 259 to 16 whilst thermal sensation increased from 4 to 6 and 4 to 7 in SCI and NON-SCI, 260
respectively. Significant relationships were only apparent between the change in core 261 temperature with both thermal sensation (r = 0.37, p = 0.02) and RPE (r = 0.82, p < 262 0.01) for SCI. Thermal sensation was significantly negatively correlated with the 263 change in mean skin temperature for SCI (r = -0.47, p < 0.01). 264
Metabolic energy expenditure 265
Differences between groups in metabolic energy expenditure did not reach 266 significance, but revealed a moderate ES (158 ± 44 W and 200 ± 74 W for SCI and 267 NON-SCI, respectively, p = 0.21, ES = 0.7, 95% CI = -105.5 to 21.5). 268
Identifying WCR players under greatest thermal strain 269
For the seven SCI participants that underwent the DXA procedures, body mass was 270 65.8 ± 4.2 kg, body surface area was 1.85 ± 0.11 m 2 , lean tissue mass was 46.2 ± 6.6 271 kg and 70.2 ± 9.0% and fat mass was 16.3 ± 5.3 kg and 26.2 ± 8.9%. Relationships 272 between key variables are shown in Fig. 3 . Thermal sensation and RPE were not 273 correlated with any of the activity profile measures, end T core or physical attributes. 274
Insert Fig. 3A +4B  275 
Discussion 276
This study, to our knowledge, is the first comparison of both the physiological 277 responses and activity profiles of players with a SCI and a NON-SCI during 278 competitive WCR. Using this novel approach, findings revealed that players with a 279 SCI experienced greater thermal strain than NON-SCI players despite covering ~17% 280 less distance and pushing on average ~10% slower. Therefore, confirming our 281 primary hypothesis, players with a SCI were under a greater amount of thermal strain 282 compared to their NON-SCI teammates mainly due to the reduction in heat loss 283 capacity as a result of their impairment and not by the amount of work performed. 284
In line with previous data, players in the current study spent ~80% of total quarter 285 time in the very low/low speed zones [31], with both groups spending a similar 286 percentage of total quarter time in each speed zone. Nevertheless, the lower mean 287 speed of SCI, and thus lower self-generated air flow, would have caused 288 significantly lower dissipation of heat by convection and evaporation, depicted by 289 the lower heat transfer coefficients. Furthermore, evaporative heat loss would be 290 minimal for SCI [9, 23] , given the large body surface area of insensate skin. In 291 relation to heat generation, although metabolic energy expenditure was not 292 significantly different, the observed moderate effect size (ES = 0.7) implies that 293 metabolic energy expenditure tended to be lower in SCI than NON-SCI during the 294 match. Thus, this suggests that heat production would also likely be lower. Field-295 based testing has the benefit of testing players in their natural environment making 296 the results more relevant than laboratory testing. However, to ensure minimal 297 disturbance to the players, energy expenditure could not be measured during the 298 match and thus estimations of energy expenditure were taken from V̇O 2peak 299 laboratory data. Nevertheless, combining the effects of both a loss of sweating 300 greater increase in T core than NON-SCI, despite NON-SCI expending more energy 302 and potentially producing more heat during match play. 303
For NON-SCI, the production and evaporation of sweat triggered by the rising T core 304 would have caused a dissipation of heat lowering skin temperature, with the 305 increasing heat loss leading to the stabilisation of T core by half-time [36] . Therefore, 306 effective heat loss occurred in NON-SCI, whilst the opposite was the case for SCI. 307
Due to the inactivation of the leg muscle pump, loss of sweating capacity and 308 vasomotor control below the lesion level [8, 17, 23], players with a SCI are unable to 309 dissipate the majority of heat produced through exercise leading to a continual 310 increase in T core and T sk [13, 27, 29, 36] . Thus, convective heat loss through muscle 311
and skin blood flow, in addition to evaporative heat loss through sweating below the 312 lesion would be limited. 313
The warmer T core at the end of the match (39.3 ± 0.5°C), coupled with the larger rate 314 of rise of T core for SCI during WCR match play highlights the greater thermal strain. 315
Although it has been shown that able-bodied athletes can operate at greater core 316 temperatures during exercise without any sign of fatigue or heat illness [7] , whether 317 a similar critical core temperature exists for players with tetraplegia is currently 318 unknown. For instance, anecdotally the player that was stopped at 39.5°C displayed 319 noticeable difficulties with decision-making during play. Of practical importance, 320
T core in athletes with tetraplegia continues to increase following exercise [13] , 321 therefore a T core of 39.3°C could be an additional concern if multiple matches are 322 played in succession, thus players will be starting the second match significantly 323 warmer than resting levels. 324
Despite players with a SCI having a greater increase in T core and T sk during match 325 play they did not perceive to be any warmer than NON-SCI. Significant relationships 326 between the change in T core and thermal sensation and RPE were however apparent 327 for SCI. These relationships may be due to the concomitant and continuous increase 328 in T core , thermal sensation and RPE during match play and may not represent a causal 329 relation. In able-bodied individuals, thermal sensation is largely dictated by skin 330 temperature, independent of T core [33] , yet a significant negative relationship was 331 apparent between the change in T sk and thermal sensation for SCI. During exercise a 332 larger change in skin temperature may be needed to induce a change in thermal 333 sensation of similar magnitude [10, 24] or due to only a small portion of their body 334 (head, anterior of arms and shoulders) being sensate, the role of skin temperature for 335 thermal perceptions may be limited to a small surface area in SCI [1] . Whether 336 thermal sensation in SCI would have reflected dynamic changes in T sk is unknown. 337
A better understanding of thermal perceptions in SCI is greatly needed to assist 338 coaches and medical staff to gauge when and which players should be removed from 339 play due to thermal strain, as the results suggest that the players themselves cannot 340 judge their thermal strain reliably. 341
A limitation of the study may have been the inclusion of only one female WCR 342 player. Despite this being reflective of the GBWR squad at the time, her change in 343 T core and T sk was similar to a player of the same classification (0.5) being, on average, 344 0.4°C and 0.2°C different, for T core and T sk , respectively, over the course of the match. 345
Thus, her inclusion in the study is justified, especially as large inter-individual 346 variation in thermoregulatory responses is common for individuals with a SCI [28, 347
29]. 348
Preliminary data from the current study aimed to determine if certain physical 349 attributes or activity profiles were related to T core at the end of the match in SCI. 350
Multifactorial inter-individual variability makes it challenging to determine factors 351 that predict heightened thermal strain [11] . However, the present study attempted to 352 enable the coach and support staff to identify WCR players at the greatest thermal 353 strain. From the correlation data for SCI, those with a greater V̇O 2peak , larger body 354 mass, larger lean mass and body surface area, and/or were a higher point player, 355
showed a greater end T core . Of note in SCI, an individual with a larger body mass 356 likely indicates a larger amount of upper body mass due to muscular atrophy below 357 the lesion. In relation to functional ability, a greater end T core was apparent for higher 358 point players covering a greater relative distance and mean speed, i.e. generating a 359 greater amount of metabolic heat. Therefore, within the SCI group, it is the players 360 with a greater amount of functional ability, typically linked to roles on court that 361 elicit greater distances and speeds that are under the greatest thermal strain. In fact 362 the player that was stopped due to a high T core (>39.5°C) was a high point player and 363 had the greatest body mass and V̇O 2peak in the SCI group. Although the low number 364 of participants used to identify WCR players under the greatest thermal strain does 365 make drawing firm conclusions difficult, as a preliminary data set it does provide 366 greater detail and guidance for coaches and support staff on which players may need 367 greater attention in regards to cooling strategies or breaks in play. 368
Conclusion 369
The current study revealed that WCR players with a SCI are under a greater amount 370 of thermal strain compared to NON-SCI players during match play. Players with an 371 SCI covered less distance and had slower mean speeds, thus generating a smaller 372 amount of heat than NON-SCI. Yet, these players were under greater thermal strain, 373 due to a reduction in heat loss capacity as a result of their SCI. Preliminary data 374 revealed players with a SCI with greater functional ability (high point players) tend 375 to produce more heat during play and be predisposed to a greater T core response than 376 low point players. Practically, coaches and support staff should be aware of the 377 greater thermal strain experienced by these players and implement appropriate 378 cooling strategies and tactics. 
